The biological functions of DNA-binding proteins often require that they interact with their targets with high affinity and/or high specificity. Here, we describe a computational method that estimates the extent of optimization for affinity and specificity of amino acids at a protein-DNA interface based on the crystal structure of the complex, by modeling the changes in binding-free energy associated with all individual amino acid and base substitutions at the interface. The extent to which residues are predicted to be optimal for specificity versus affinity varies within a given protein-DNA interface and between different complexes, and in many cases recapitulates previous experimental observations. The approach provides a complement to traditional methods of mutational analysis, and should be useful for rapidly formulating hypotheses about the roles of amino acid residues in protein-DNA interfaces.
INTRODUCTION
DNA-binding proteins play critical roles in transcription, replication and other cellular processes. These proteins not only bind strongly to DNA, but often do so with high-sequence specificity and/or catalytic activity. The competing demands of affinity, specificity and catalysis are likely to have shaped the evolutionary optimization of residues at the interfaces. Valuable insights into the contributions of individual amino acids to DNA-binding affinity and specificity have been obtained from structural analysis, the analysis of sequence conservation within protein families (1, 2, 3) and mutational studies (4, 5) . However, bioinformatic methods require substantial numbers of sequences in a family and lack a thermodynamic basis upon which to contextualize variation, while mutational probing of residues at protein-DNA interfaces is time consuming and rarely comprehensive.
Computational methods that estimate the contributions of amino acid residues to affinity and specificity based on high-resolution structures provide a rapid, comprehensive and inexpensive complement to traditional analyses. We previously developed a computational method for redesigning protein-DNA-binding specificity that utilizes a detailed all-atom force field to estimate the energetics of protein-DNA interactions (6) in the context of amino acid and nucleotide rearragements and substitutions. This method has been used to redesign the DNA cleavage specificity of a homing endonuclease (7) . In this article, we utilize our atomic model of the energetics of amino acidnucleotide interactions to estimate the extent to which protein residues at DNA-binding interfaces are optimized for affinity or specificity.
MATERIALS AND METHODS

Structural data
The following high-resolution crystal structures of protein-DNA complexes were modeled: : 1ig7 1k61 1puf 2hdd 1w0u  1e3o 2d5v 1zaa 1ubd 1g2f 1am9 1gd2 1gu4 1jnm 2dgc  1nkp 1lmb 2or1 1hcr 1ign 1tc3 1bl0 1zs4 2h27 1r71  1pp7 1bc8 1dp7 1f4k.  Restriction endonucleases: 2bam 1b94 2fqz 1fiu 1wte  2ezv 2fl3 1iaw 2oaa 2odi 1d02 1dc1 1dfm 1dmu 3pvi 1ckq. Homing endonucleases: 1g9y anii 1r7m 1m5x 1mow 1a73 2ex5. Nonspecific enzymes: 1pt3 1x9m 2bdp 2dnj 2hmi.
Helical transcription factors
All coordinates were downloaded from the RCSB Protein Data Bank (8).
Computational modeling
All modeling was performed using the Rosetta macromolecular modeling and design suite (9). The detailed implementation of protein-DNA interface modeling in Rosetta has been previously described (6, 7 of interaction between protein and DNA was computed using an atomic-level forcefield, which includes a Lennard-Jones potential, hydrogen-bonding and electrostatic interactions, an implicit solvation model and a knowledge-based side-chain torsional potential. Interface amino acid positions were defined as those from which a hypothetical arginine side chain could contact any DNA atom without passing through the protein backbone. Point mutations to every possible amino acid at each position in each interface were explicitly modeled in the context of each nearby single-basepair substitution. For each protein-DNA sequence combination, all side-chain rotamer conformations of residues capable of contacting the mutable DNA were simultaneously optimized using discrete Monte Carlo packing calculations followed by torsion space energy minimization. The protein and DNA backbone degrees of freedom were fixed for all calculations. The binding energy of the complex was computed by subtracting the energy of the separated protein and DNA molecules from the energy of the complex.
The analysis of affinity and specificity described in this article has been implemented as a web server (10) . The Rosetta software is freely available for academic use (9).
Assessment of optimality for affinity and specificity
To determine the extent to which a residue at a particular position is optimizal for affinity, we systematically mutated each residue in a protein-DNA interface structure to each of the 19 non-native amino acids. The extent to which the native amino acid at a position is optimal for affinity was calculated using: The extent to which the native amino acid at any given position is optimal for DNA-binding specificity was calculated as the difference between its specificity for the native DNA basepair, and the mean of the specificities for the native DNA basepair for all amino acids:
Optimality for Specificity 
RESULTS AND DISCUSSION
We computationally modeled all point mutations at all interface positions in a set of high-resolution X-ray crystal structures of protein-DNA complexes, and estimated the extent to which the individual amino acids were optimal for affinity or specificity, as described above. The results for five different interfaces are illustrated in Figure 1 . The extent which residues were calculated to be optimal for affinity and specificity, according to Equations (1) and (3), are shown on the left, and the relevant regions of the corresponding crystal structures, colored on the basis of these values, are on the right (see figure legend for further details). The following section discusses each of these representative examples in turn.
DNAseI
As illustrated in Figure 1A , several residues in the highresolution structure of the DNAse I interface (pdb code 2DNJ (12)) appear to be optimal for DNA-binding affinity, while none show any particular sequence-specific preference for the bound DNA. This is consistent with the low-DNA sequence cleavage specificity exhibited by the DNAse I enzyme (13) , and with experimental mutagenesis studies at key residues in the DNAseI interface (14) . In particular, the identification of residues Arg41 and Tyr76 as optimal amino acid choices for conferring DNA-binding affinity agrees with mutagenesis at these positions (15) . These observations are consistent with the idea that an enzyme that has evolved to interact with sequence-diverse DNA substrates should possess amino acids that are selected for strong binding but against DNA sequence specificity.
C2H2 zinc finger Zif268
The Zif268 zinc finger transcription factor (pdb code: 1ZAA (16)), shown in Figure 1B , binds with high affinity and specificity to its operator sequence through a combination of direct contacts to the DNA backbone and major groove. Sequence conservation analysis and mutation studies (1, 17, 18) have identified several key amino acid residues that play important roles in optimizing DNAbinding affinity and specificity for Zif268 and for the C2H2 zinc finger family as a whole. Arg70, a conserved DNA-backbone contacting residue (1, 17) , as well as Ser75 and Lys79, appear to be selected to confer DNA-binding affinity, while not affecting DNA-binding specificity. In contrast, amino acids Thr52 and Arg80 are found to be optimal amino acid choices for DNA-binding specificity in Zif268. These two amino acids occur at structural analogous positions that have been identified to be highly important for DNA sequence recognition by both Jacobs (17) (as position 'm3') and Wolfe et al. (18) (as position '6'). The amino acids Arg74 and Asp76 (Jacob's 's3' and 's5'; Wolfe et al.'s 'À1' and '2') form a dyad to interact very favorably with the adjacent guanine nucleotide, as confirmed by mutational analysis of these two positions (5). Both amino acids appear highly optimal to satisfy this high-order arrangement according to our analysis, however the relative specificity of Arg74 in isolation appears to be underestimated. Glu77 corresponds to a position (Jacob's 's6'; Wolfe et al.'s '3') that is commonly involved in specific DNA recognition. Mutation of this residue to alanine results in a moderate broadening of specificity (5) that is not reflected by our analysis (the orientation of this residue in this and other Zif268 structures (19) does not permit base contacts, by any sidechain rotamer conformation).
b-Zip transcription factor GCN4
The transcription factor GCN4 (pdb code: 2DGC (20)), shown in Figure 1C , has a high density of amino acid side chains with direct contacts to DNA that extend from an a-helix nestled deeply into the DNA major groove, as also seen in zinc fingers, homeodomains and response regulators. Two residues, Asn235 and Arg243, are identified as the most optimal for DNA sequence recognition. This is consistent with the well-known importance of these two residues, which are invariant within the bZIP family of transcription factors, but can be modified to alter the DNA-binding specificity of GCN4 (21) . However, the influence of residue Thr236 on the sequence specificity within the bZIP family (22) is not reflected, probably due to the lack of sampling of the rigid-body docking orientation of the protein during modeling. It has been suggested that subtle variations in the binding orientations Figure 1 . Optimality of affinity and specificity at individual positions in representative complexes. Protein identities and pdb codes are indicated at the top of each panel. In the left panels, the extent optimal for affinity [Equation (1)] is plotted against the extent optimal for specificity [Equation (3)] for each residue in a complex. The color of each data point is proportional to the change in the energy of binding calculated for mutation to glycine at that position, where bright cyan indicates the highest relative loss in binding energy, and black indicates the lowest loss in binding energy. All interface residues in each crystal structure are represented; large clusters near (0, 0) correspond to residues in the interface that are not predicted to be optimal for affinity or specificity. At right are representations of the crystal structures for each indicated interface. The amino acids are colored by a dual color gradient in which red indicates the optimality for affinity, blue indicates the optimality for specificity and pink/magenta indicates positions that are optimal for both affinity and specificity. A) DNAse I (pdb code:
In frame (D), symmetrically equivalent residues in the homodimer EcoRV are labeled on only one chain. Molecular images were rendered using PyMOL (11).
of DNA-binding motifs contribute to differences in sequence recognition (23) .
Restriction endonuclease EcoRV
The restriction endonuclease EcoRV (pdb code: 1B94 (24)), shown in Figure 1D , obtains a very high specificity for the restriction site that it cleaves through a combination of DNA-sequence-specific intramolecular distortion (25, 26) and small number of tightly-packed direct protein-nucleobase interactions made by loop residues 182-187 (25) . Because the relative contributions of binding and catalysis to the readout of specificity are not fully known (27, 28) , it may not be possible to fully predict the specificity of EcoRV based on a single crystal structure. Nonetheless, we find that the precise arrangement of the small hydrogen-bonding side chains on loop 182-187 leaves little room for alternative basepairs in the recognition site, as reflected by the above average DNA sequence specificities exhibited by residues 183-186. Asparagine 185, in particular, is the only amino acid that can directly satisfy the hydrogen-bonding groups of the adenine nucleotides at the À2 positions of the DNA restriction site, given the three-dimensional context of the interface.
Homing endonuclease I-MsoI
The homing endonuclease I-MsoI (pdb code: 1M5X (29)), shown in Figure 1E , is representative of a class of endonucleases that recognize long target sites (30) . These enzymes, which invade and persist in host genomes, must be specific enough to cleave rarely within an entire genome, while remaining adaptable to evolution and genetic drift in the host (31) . Thus the recognition of some basepairs in these interfaces is partially degenerate, due to an abundance of water-mediated contacts and semi-permissive interactions (29) . Consistent with this view, several of the amino acids in the I-MsoI interface, such as Arg75 and the Asp81/Arg72 dyad, are found to be highly optimized for the recognition of a single basepair identity, while Thr83 and Lys28 participate in less specific interactions. Thr83 is involved in a water-mediated contact that can serve to both donate and accept hydrogen bonds from DNA, and Lys28 can recognize either an adenine or guanine nucleotide at the +6 position of the pseudosymmetric target site (29) . Mutation of this amino acid in combination with Thr83 allows the engineering of a mutually exclusive switch in DNA sequence specificity (7).
Trends across broad protein classes
We next analyzed a larger set of 57 high-resolution crystal structures of protein-DNA complexes, including helical-motif transcription factors, restriction endonucleases, homing endonucleases and nonspecific interfaces. Figure 2 compares the the extent to which native amino acids are optimal for DNA-binding affinity and specificity across these different classes. The extent to which amino acids are predicted to be optimized for affinity appears roughly equivalent across all categories ( Figure 2B ). In contrast, more residues are found to be optimized for specificity in the classes that exhibit sequence specific binding ( Figure 2A ).
Trends within a single protein class
Within closely related structural families of protein-DNA interfaces, the structural context of certain amino acids largely determines their contributions to DNA-binding affinity and specificity (23, 32) . Table 1 shows average estimates of the optimality of affinity and specificity for several positions in the zinc finger transcription factor family. Within a set of eight high-resolution crystal structures of C2H2 zinc finger transcription factors, key nucleobase-interacting residues at canonical positions À1, 2, 3 and 6 (18) are consistently estimated to be more optimal than average for both binding and specific recognition of adjacent DNA basepairs, in agreement with previous studies (1, 5, 33) . In contrast, the amino acids found at position À5, which can make favorable contacts to the DNA backbone, are found to be optimized for affinity rather than specificity. Our approach can thus provide insights into the roles of amino acid residue positions across families of closely related protein-DNA interfaces. 
Indirect readout mechanisms
In addition to DNA sequence readout that is achieved through direct contacts between amino acids and individual nucleotide bases, many sequence-specific DNA-binding proteins and enzymes also achieve specificity by exploitation of sequence-dependent DNA deformability, or the ability of certain DNA sequences to adopt noncanonical conformations upon binding or catalysis (34, 35) . These macromolecular deformations are the concerted result of multiple backbone contacts and overall shape complementarity to a distorted DNA recognition site. While the modeling protocol employed here can identify the native sequence optimality of such contacts on the basis of affinity, it significantly underestimates the optimization of native amino acid sequence for specificity in complexes in which sequence recognition is dominated by indirect readout mechanisms, because it does not model the flexibility of the protein and DNA backbones. Such is the case for the TATA-binding protein (pdb: 1YTB (36)), which binds to the minor groove of DNA and is known to achieve DNA sequence specificity through indirect readout. Our analysis results in a strong signals for the optimality of individual residues for binding affinity, but none for DNA sequence specificity (Supplementary Figure 1) . While this is consistent with the idea that indirect readout is achieved through bending of DNA by multiple high-affinity 'nonspecific' contacts, our method is not able to recognize the contributions of these amino acids to specificity.
CONCLUSION
Atomic-level structures of biomolecules provide not only a static view of a single low-energy thermodynamic state, but also provide the basis for modeling the thermodynamics of alternative states. As illustrated here, it is possible to obtain insights into the extent to which residues are optimized for binding affinity versus specificity by using a simple biophysical model to estimate the effects of amino acid and nucleotide substitutions. The correspondence with experimental results that we have demonstrated suggests that the method should be useful for rapidly formulating experimentally testable hypotheses about the roles of amino acid residues at protein-DNA interfaces, given a high-resolution structure of the protein-DNA complex.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
